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SUMMARY 
Bulk samples of Te-doped n-type G a A s  w e r e  i r r a d i a t e d  us ing  10 MeV t o  24 
MeV protons t o  f luences  between 2 x 10l1 protons/cm2 and 2 x protons/cm2. 
Majori ty  carrier e lectr ical  e f f e c t s  were measured us ing  t h e  van de r  Pauw tech- 
n i  ues  and i t  w a s  observed t h a t  r a d i a t i o n  damage w a s  minimal a t  t h e  10l1 pro ton/  
cm9 f luence.  For t h e  h ighe r  f luences ,  c a r r i e r  removal w a s  p ropor t iona l  t o  AE/ 
Ax f o r  t h e  pro tons  i n d i c a t i n g  i o n i z a t i o n  i n t e r a c t i o n s  between t h e  pro tons  and 
atoms. Thermal annea l ing  w a s  observed a t  155°C' 
INTRODUCTION 
Gallium a r sen ide  i s  of i n t e r e s t  f o r  space  pho tovo l t a i c  s o l a r - c e l l s  because 
of i t s  expected increased  r e s i s t a n c e  t o  space  r a d i a t i o n  damage and h igher  s o l a r  
c e l l  e f f i c i e n c i e s  than p o s s i b l e  f o r  s i l i c o n .  Proton induced damage t o  GaAs 
s o l a r  cel ls ,  however, has  been examined only i n  a l imi t ed  number of s t u d i e s  
( r e f .  1-3) .  These i n v e s t i g a t i o n s  have been focused p r imar i ly  on pro tons  wi th  
ene rg ie s  5 1 MeV wi th  only a few d a t a  p o i n t s  a t  h igher  energ ies .  Also,  t h e  
va r ious  s p e c i a l i z e d  s o l a r  c e l l  s t r u c t u r e s  have been i r r a d i a t e d  independent of 
each o the r .  I n  c o n t r a s t  t o  t h e s e  above mentioned s t u d i e s ,  t h e  i n v e s t i g a t i o n  
descr ibed  i n  t h i s  r e p o r t  has  been d i r e c t e d  toward eva lua t ing  changes i n  funda- 
mental  material p r o p e r t i e s  ( a s  opposed t o  spec i f i c  device  performance) f o r  high- 
er  energy protons.  The i n t e n t  i s  t o  begin t o  i d e n t i f y  regimes i n  which pro ton  
r a d i a t i o n  e f f e c t s  are s i g n i f i c a n t  i n  determining electrical  c h a r a c t e r i s t i c s  of 
G a A s .  
more r a d i a t i o n - r e s i s t a n t  s o l a r  cells. 
This  information w i l l  hopefu l ly  a i d  i n  t h e  development of des igns  f o r  
Many G a A s  s o l a r  c e l l  des igns  are being aimed a t  h igh  e f f i c i e n c y  c e l l  per- 
formance i n  geosynchronous e a r t h  o r b i t  (QJ 35,800 km a l t i t u d e )  f o r  10 o r  more 
years .  It appears  t h a t  s o l a r  f l a r e  pro tons  are t h e  dominant source  of r a d i a t i o n  
i n  t h i s  environment ( r e f .  4 ) .  Solar  ce l l s  i n  geosynchronous o r b i t  w i l l  a l s o  be 
exposed, t o  a lesser e x t e n t ,  t o  t rapped e l e c t r o n s  i n  t h a t  o r b i t  and t o  t rapped 
e l e c t r o n s  and pro tons  dur ing  t r a n s f e r  o r b i t s .  The i n d i c a t i o n  i s  t h a t  t h e  s o l a r  
f l a r e  pro tons  wi th  ene rg ie s  > 1 0  MeV may impinge on cel ls  i n  synchronous o r b i t s  
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wi th  t o t a l  f l uences  of nea r ly  1011 protons/cm2 o r  more ( r e f .  5-7). 
however, w i l l  depend on t h e  l i f e  of t h e  spacec ra f t  beyond 10 yea r s  and t h e  par- 
t i c u l a r  f l a r e  cyc le .  
This  fluence,  
The i n t e n t  of t h i s  s tudy  w a s  t o  begin t o  i d e n t i f y  those  middle-range energy 
Based pro tons  and f luences  which are de t r imen ta l  t o  G a A s  electrical p r o p e r t i e s .  
on t h i s  cons idera t ion ,  and t h e  numbers and ene rg ie s  of s o l a r  f l a r e  protons 
found i n  synchronous o r b i t ,  i t  w a s  decided t o  i n v e s t i g a t e  pro ton  ener  ies be- 
pro tons  w e r e  r e a d i l y  a v a i l a b l e  a t  t h e  NASA L e w i s  Research Center v a r i a b l e  
energy cyc lo t ron .  
tween 10  MeV and 25 MeV and f luences  i n  excess of 1 x 1011 protons/cm 5 . These 
One measure of semiconductor d e f e c t  product ion r e s u l t i n g  from i r r a d i a t i o n  
i s  t h e  ma jo r i ty  carrier removal (i.e. percent  decrease  i n  ma jo r i ty  carrier 
concent ra t ion)  as a func t ion  of r a d i a t i o n  f luence  ( r e f .  8) .  Data of t h i s  n a t u r e  
and o the r  ma jo r i ty  carrier e f f e c t s  such as mob i l i t y  and r e s i s t i v i t y  changes 
w e r e  e a s i l y  obtained by making p r e - i r r a d i a t i o n  and p o s t - i r r a d i a t i o n  H a l l  e f f e c t  
measurements. 
I n  a d d i t i o n  t o  desc r ib ing  more f u l l y  t h e  experimental  procedures f o r  t h e  
above mentioned proton i r r a d i a t i o n s  and H a l l  measurements f o r  n-type G a A s ,  t h i s  
paper w i l l  a l s o  d e s c r i b e  a technique f o r  accu ra t e  de te rmina t ion  of t o t a l  proton 
f luences  i n  i r r a d i a t e d  GaAs.  Resu l t s  w i l l  be  presented  l i n k i n g  decreases  i n  
mob i l i t y  and ma jo r i ty  carrier concent ra t ion  t o  pro ton  ene rg ie s  and f luences  as 
w e l l  as d a t a  l i n k i n g  1 MeV e l e c t r o n  damage t o  10 MeV through 24 MeV p ro ton -  
damage f o r  p o s s i b l e  equivalences.  
EXPERIMENTAL 
Samples used i n  t h i s  s tudy w e r e  Czochralski  grown n-type bulk  gal l ium 
a r s e n i d e  obta ined  from Metals Research Ltd. (England). The (100) o r i en ted ,  
Te-doped wafers  had i n i t i a l  carrier concent ra t ions  of about 1 x l O I 7  e l e c t r o n s /  
cm3, resist ivit ies of 2 x s1 - cm, and major i ty  carrier m o b i l i t i e s  of about 
3900 cm2/V-s. 
diced i n t o  8mm x 8mm samples. 
The 0.38 mm (15 m i l )  t h i c k  wafers ,  po l i shed  on both s i d e s ,  were 
Room temperature  H a l l  e f f e c t  measurements w e r e  used t o  c h a r a c t e r i z e  t h e  
G a A s  before  and a f t e r  i r r a d i a t i o n .  The Hall 'measurements were made us ing  t h e  
c o n t a c t s  i n  each of t h e  fou r  corners  ( r e f .  10) .  The ohmic con tac t s  w e r e  made 
us ing  pure  indium. The sample w a s  f i r s t  e tched f o r  30 seconds i n  a w a r m  solu- 
t i o n  of 3H2S04:1H202:1H20 t o  remove oxides  from t h e  sur face .  Dots of pure I n  
w e r e  placed i n  each of t h e  f o u r  co rne r s  of t h e  sample us ing  a low-power u l t r a -  
son ic  so lde r ing  i r o n  i n  con tac t  wi th  t h e  gal l ium a r sen ide  (heat-sinked t o  a n  
aluminum p l a t e )  f o r  approximately 1 second. I-V characteristics of a l l  contac ts  
w e r e  checked us ing  a t r a n s i s t o r  curve tracer and w e r e  accepted when t h e s e  char- 
acteristics w e r e  l i n e a r  f o r  c u r r e n t s  ranging from 0.01 mA t o  100 d. Non-linear 
Schottky b a r r i e r  c o n t a c t s  w e r e  success fu l ly  a l loyed  f u r t h e r  t o  o b t a i n  l i n e a r  
c h a r a c t e r i s t i c s  by applying vo l t ages  i n  excess  of t h e  breakdown vo l t age .  
Good ohmic c o n t a c t s  provided f o r  symmetric van d e r  Pauw technique H a l l  
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measurements when t h e  appl ied  c u r r e n t s  and magnetic f i e l d s  w e r e  reversed.  
Applied c u r r e n t s  ranged from 10  mA t o  50 mA and t h e  appl ied  magnetic i nduc t ion  
w a s  10,000 Gauss. 
i r r a d i a t i o n s .  
H a l l  d a t a  w a s  c o l l e c t e d  on each sample be fo re  and a f t e r  
A l l  i r r a d i a t i o n s  wi th  pro tons  w e r e  conducted a t  t h e  NASA L e w i s  Research 
Proton ene rg ie s  of 12.5 MeV and 
Also,  i n  one arrange-  
Center v a r i a b l e  energy cyc lo t ron  f a c i l i t y .  
38.8 MeV w e r e  obtained from t h e  cyc lo t ron ,  and s c a t t e r i n g  f o i l s  were used t o  
more evenly d i s p e r s e  t h e  beam over a wider area (z3in2) .  
ment, samples w e r e  s tacked  v e r t i c a l l y  w i t h  vary ing  th icknesses  of aluminum be- 
tween them t o  a l low f o r  simultaneous i r r a d i a t i o n  of d i f f e r e n t  samples wi th  
d i f f e r e n t  energy pro tons  a l l  t o  t h e  same f luence.  The r e s u l t  w a s  t h a t  i r r a d i -  
a t i o n s  of ga l l ium a r s e n i d e  w e r e  conducted wi th  pro tons  having i n c i d e n t  ene rg ie s  
of 9.9 MeV, 12.0 MeV, 16.4 MeV,  and 24.0 MeV t o  t o t a l  f l uences  ranging between 
approximately 2 x 1011 protons/cm2 t o  2 x l O I 4  protons/cm2. 
repor ted  he re  were done wi th  t h e  s a m p l e s  i n  air. 
i r r a d i a t i o n ,  t h e  samples w e r e  mounted on a heavy s t a i n l e s s  steel p l a t e  and t h e  
e n t i r e  appara tus  w a s  cooled by a fan .  
PA w a s  used. 
A l l  i r r a d i a t i o n s  
To prevent  annea l ing  dur ing  
Also, a low pro ton  beam c u r r e n t  of 0.2 
A d i r e c t  technique w a s  u t i l i z e d  i n  t h i s  s tudy  t o  measure t o t a l  p ro ton  f lu -  
ence f o r  each sample. This  technique w a s  based on assaying  t h e  39.2 hour h a l f -  
l i f e  Ge-69 i so tope ,  i n  each i r r a d i a t e d  sample, produced by t h e  Ga69(p,n) G e  
r eac t ion .  Cross s e c t i o n s ,  a (E) ,  as a func t ion  of pro ton  energy w e r e  experimen- 
t a l l y  determined f o r  t h e  above r e a c t i o n  and several o t h e r s  i n  G a A s .  The curve 
f o r  t h i s  c r o s s  s e c t i o n  i s  shown i n  f i g u r e  1. This  d a t a  w a s  obtained us ing  a 
15% Ge-Li s o l i d - s t a t e  d e t e c t o r .  .The t o t a l  proton f luence  i n  t h e  G a A s  sample 
could then  be determined by 
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where N = 60% of t h e  G a  atoms i n  t h e  o r i g i n a l  sample Ga- 6 9 
= t h e  number of r a d i o a c t i v e  i so topes  produced by t h e  
NGe-69. proton r a d i a t i o n ;  measured by count ing t h e  y- 
r a d i a t i o n  from t h e  Ge-69 i so tope .  
This  method f o r  determining t o t a l  f l uence  w a s  be l ieved  t o  be q u i t e  accu ra t e  
s i n c e  i t  d i d  no t  r e l y  on t h e  accuracy of any secondary s tandards  o r  d e t e c t o r s .  
RESULTS AND DISCUSSION 
Resu l t s  presented ' in t h i s  s e c t i o n  are f o r  pro ton  i r r a d i a t i o n s  of fou r  
samples of Te-doped GaAs l abe led  A-D. Or ig ina l  H a l l  d a t a  ( i . e .  be fo re  i r r a d i -  
a t i o n )  and energ ies  of t h e  i n c i d e n t  pro tons  f o r  t h e  fou r  samples are shown i n  
t a b l e  1. The pro ton  ene rg ie s  l i s t e d  are t h e  i n c i d e n t  proton ene rg ie s ,  t r ans -  
mi t t ed  pro ton  ene rg ie s ,  and average energ ies .  Note t h a t  i n  t h e s e  i r r a d i a t i o n s ,  
t h e  pro tons  t r a v e l e d  completely through t h e  15  m i l  GaAs samples a l though t h e i r  
ene rg ie s  d i d  decrease.  A 1 5  m i l  t h i c k  sample of G a A s  w i l l  s t o p  any pro tons  
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wi th  ene rg ie s  - < 9.4 MeV. - 
Figure  2 shows t h e  f r a c t i o n a l  decrease  i n  room temperature  H a l l  mobi l i ty  
as a func t ion  of t o t a l  f luence .  It appears  t h a t  f o r  i n c i d e n t  pro tons  having 
ene rg ie s  1. 10  MeV, f luences  must be i n  excess of l O I 3  protons/cm2 before  
ma jo r i ty  carrier mob i l i t y  degrada t ion  becomes s i g n i f i c a n t  . 
This  s a m e  phenomena can be  observed f o r  ma jo r i ty  carrier removal as shown 
i n  f i g u r e  3. I n  f a c t ,  i f  t h e s e  curves are ex t r apo la t ed  down t o  t h e  h o r i z o n t a l  
a x i s ,  i t  appears t h a t  n o t i c e a b l e  degrada t ion  of a G a A s  device  w i l l  no t  occur 
below 2, 10  
This  r e s u l t  a l s o  demonstrates t h a t  as t h e  average energy of t h e  pro tons  in- 
creases, t h e i r  incremental  e f f e c t  i n  damaging t h e  material decreases .  I n  o t h e r  
words, t h i s  suppor ts  t h e  t e n e t  t h a t  lower energy p a r t i c l e s  do more damage. 
This  same p r i n c i p l e  i s  shown more c l e a r l y  i n  f i g u r e  4 .  Here t h e  carrier re- 
moval is  shown t o  be a l i n e a r  func t ion  of t h e  proton energy l o s s  per  u n i t  
d i s t a n c e  t r a v e l e d  i n  t h e  ga l l ium arsenide .  The l i n e a r  n a t u r e  of t h i s  p l o t  
sugges ts  t h a t  t h e  proton i n t e r a c t i o n  wi th  t h e  gal l ium and a r s e n i c  atoms in- 
vo lves  an  i o n i z a t i o n  process .  
protons/cm2 f o r  i nc iden t  pro ton  ene rg ie s  i n  excess  of 10  MeV. 
I n  an e f f o r t  t o  v e r i f y  t h a t  t h e  H a l l  measurements made i n  t h i s  s tudy w e r e  
good, i t  w a s  decided t o  a t tempt  d u p l i c a t i o n  of 1 MeV e l e c t r o n  i r r a d i a t i o n  re- 
s u l t s  of Look and Farmer ( r e f .  11) .  Samples from t h e  s a m e  c r y s t a l  as s a m p l e s  
A-D w e r e  i r r a d i a t e d  with’ 1 MeV e l e c t r o n s  a t  t h e  NASA L e w i s  Research Center 
2 dynamitron. 
e- /cm2.  A s  can be seen from f i g u r e  5,  t h i s  d a t a  agrees  q u i t e  w e l l  w i th  t h a t  
of Look and Farmer ( r e f .  11) .  Not only does t h i s  add v a l i d i t y  t o  our H a l l  
measurements, bu t  i t  provides  some i n d i c a t i o n  of p o s s i b l e  equivalence of 9.9 
MeV pro ton  damage i n  G a A s  w i th  1 MeV e l e c t r o n  damage i n  t h a t  material. The 
equivalences i n  terms of ma jo r i ty  carrier removal i n  n-type G a A s  are shown i n  
f i g u r e  5. Although t h e  r a t i o s  of e l e c t r o n s  t o  protons are not  cons tan t  (vary- 
i n g  between 250 and 326), it appears  t h a t  a 9.9 MeV proton is  approximately 
equiva len t  t o  300--1 MeV e l ec t rons .  
T o t a l  f l uences  were 4 x 1015 e-/cm , 1 x lox6  e-/cm2, and 3 x 1 0 l 6  
F igure  6,  a p l o t  of mob i l i t y  degrada t ion  f a c t o r  as a func t ion  of f luence ,  
may provide a clearer p i c t u r e  of equivalence.  
b y  is  def ined  as fo l lows  ( r e f .  8): 
The mob i l i t y  degradat ion f a c t o r ,  
2 
where b(cm ) = 
2 
vi (cm /V-s) = 
2 
pf(cm /V-s)  = 
Mobil i ty  degrada t ion  f a c t o r  
I n i t i a l  H a l l  mob i l i t y  
F i n a l  H a l l  mob i l i t y  
T o t a l  f l uence  
In t h i s  f i g u r e  t h e  incremental  mob i l i t y  degrada t ion  appears  t o  be about t h e  
268 
same f o r  16.4 MeV pro tons  and 1 M e V  e l ec t rons .  I n  t h i s  case, i t  appears  t h a t  
1--16.4 MeV pro ton  does about as much damage as 190--lMeV e l e c t r o n s .  
Low temperature  (155OC) annea l ing  of proton and e l e c t r o n  damage w a s  b r i e f l y  
Two samples were examined which had been i r r a d i a t e d  (1 MeV e l e c t r o n s  examined. 
t o  1 x 1 0 l 6  e-/cm2 and 16.4 MeV pro tons  t o  6.5 x 1013 p+/cm2) t o  o b t a i n  approxi- 
mately 30% carrier removal. 
gas  are shown i n  f i g u r e  7. 
Resu l t s  of t h i s  i so thermal  annea l ing  i n  forming 
Percent  recovery is  def ined  f o r  t h i s  f i g u r e  as: 
\ 
x 100% J n n annealed - n n undamaged - damaged R =  (3) 
I n  t h i s  d e f i n i t i o n  "n" means ma jo r i ty  carrier concent ra t ion .  
w a s  not  complete a f t e r  50 hours  of anneal ing,  t h i s  d a t a  does i n d i c a t e  t h a t  
annea l ing  w a s  occurr ing.  Thus t h e r e  is  some i n d i c a t i o n  t h a t  se l f -annea l ing  a t  
low temperatures  may be f e a s i b l e  e s p e c i a l l y  when p a r t i c l e  f l u x  is  low such 
t h a t  t h e  permanent damage w i l l  occur only i n  small amounts over t h e  l i f e  of 
t h e  ga l l ium a r s e n i d e  s o l a r  cell .  
Although recovery 
CONCLUSION 
Resu l t s  of t h i s  s tudy  i n d i c a t e  t h a t  p ro tons  wi th  ene rg ie s  between 10 MeV 
and 25 MeV w i l l  probably no t  adverse ly  a f f e c t  n-type ga l l ium a r sen ide  f o r  
s o l a r  c e l l  performance un le s s  t h e  t o t a l  f l uence  exceeds 10l1 protons/cm2. For 
proton f luences  between 10l1 protons/cm2 and 1014 protons/cm2, i t  appears  t h a t  
t h e  lower energy pro tons  do more damage even f o r  complete p e n e t r a t i o n  through 
t h e  material. The proton-atom i n t e r a c t i o n  appears  t o  be an  i o n i z a t i o n  process  
f o r  t h e s e  r a d i a t i o n  condi t ions .  Defects  introduced under t h e s e  cond i t ions  
appear t o  be a t  least p a r t i a l l y  removed by annea l ing  a t  155°C. One might 
s p e c u l a t e  t h a t  continuous c e l l  ope ra t ion  a t  t h i s  r e l a t i v e l y  low annea l ing  
temperature  would reduce t h e  damaging e f f e c t s  of pro ton  r a d i a t i o n  and extend 
s o l a r  c e l l  l i f e .  
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TABLE 1 - SAMPLE CHARACTERISTICS 
I I I 
Oo(O-cm) 
1 . 7 4 ~ 1 0 - ~  
1 . 4 2 ~ 1 0 - ~  
.1.9Ox10-2 
SAMPLE 2 uo(em /V-s) no(e-/cm 3 
1 . 0 8 ~ 1 0 ~ ~  4248 
3864 9 . 3 0 ~ 1 0  
1 . 1 1 ~ 1 0 ~ ~  3960 
16 
8 . 3 5 ~ 1 0 ~ ~  3938 
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Figure 1. Cross section as a function 
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Figure 2. Fractional decrease in room temperature 
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Figure 4. Carrier removal vs. the ratio of the total proton 
energy loss to the sample thickness. For all samples, Ax = 0.038 cm 
and 4 = lx1013 protons/cm . 2 Energies listed are average energies. 
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Figure 5. Free carrier removal as. a function 
of fluence for 1MeV electrons. Horizontal lines 































Figure 6 .  Mobility degradation vs. total fluence. 
Shown is a comparison of damage for 9.9 MeV, 12.0 MeV, 
16 .4  MeV and 24.0 MeV protons and 1MeV electrons. 
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